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ISING MODEL QUANTUM COMPUTATION
DEVICE

BACKGROUND

1. Field of the Disclosure

The present disclosure shows a quantum computation
device capable of easily solving the Ising model to easily
solve an NP-complete problem or the like mapped into the
Ising model.

2. Discussion of the Background Art

The Ising model has been researched originally as a
model of a magnetic material but recently it 1s paid attention
as a model mapped from an NP-complete problem or the
like. However, 1t 1s very diflicult to solve the Ising model
when the number of sites 1s large. Thus, a quantum anneal-
ing machine and a quantum adiabatic machine 1n which the
Ising model 1s implemented are proposed.

In the quantum annealing machine, after Ising interaction
and Zeeman energy are physically implemented, the system
1s sutliciently cooled so as to realize a ground state, and the
ground state 1s observed, whereby the Ising model 1s solved.
However, 1n a case where the number of sites 1s large, the
system 1s trapped nto a metastable state 1n the process of
being cooled, and the number of the metastable state expo-
nentially increases with respect to the number of sites,
whereby there 1s a problem 1n that the system 1s not easily

relaxed from the metastable state to the ground state.

In the quantum adiabatic machine, transverse magnetic
field Zeeman energy is physically implemented, and then the
system 1s sufliciently cooled to realize the ground state of
only the transverse magnetic field Zeeman energy. Then, the
transverse magnetic field Zeeman energy 1s gradually low-
ered, Ising interaction is physically implemented slowly, the
ground state of the system that includes the Ising interaction
and vertical magnetic field Zeeman energy 1s realized, and
ground state 1s observed, whereby the Ising model 1s solved.
However, when the number of sites 1s large, there 1s a
problem 1n that the speed of gradually lowering the trans-
verse magnetic field Zeeman energy and physically imple-
menting the Ising interaction needs to be exponentially
decreased with respect to the number of sites.

In a case where the NP-complete problem or the like 1s
mapped into an Ising model, and the Ising model 1s 1mple-
mented as a physical spin system, there 1s a problem of a
natural law that Ising interaction between sites that are
physically located close to each other 1s high, and Ising
interaction between sites that are physically located far from
each other 1s low. The reason for this 1s that, 1in an artificial
Ising model 1n which the NP-complete problem 1s mapped.,
there may be cases where Ising interaction between sites that
are physically located close to each other 1s low, and Ising
interaction between sites that are physically located far from
cach other 1s high. The difliculty 1n mapping into a natural
spin system also makes 1t diflicult to easily solve the

NP-complete problem or the like.
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Non-Patent Literature

Non-Patent Literature 1: Z. Wang, A. Marandi, K. Wen, R.

L. Byer and Y. Yamamoto, “A Coherent Ising Machine
Based on Degenerate Optical Parametric Oscillators,”
Phys. Rev. A88, 063833 (2013).

SUMMARY

Patent Literatures 1 and 2 and Non-Patent Literature 1 for
solving the above problems are described. An NP-complete
problem can be substituted by an Ising model of a magnetic
material, and the Ising model of the magnetic material can
be substituted by a network of a laser or laser pulse.

Here, 1n the Ising model of a magnetic material, 1n a pair
ol atoms 1nteracting with each other, the directions of spins
tend to be oriented 1n opposite directions (in the case of
interaction of antiferromagnetism) or in the 1dentical direc-
tion (1in the case of interaction of ferromagnetism) such that
the energy of spin alignment 1s the lowest.

On the other hand, 1n a network of lasers or laser pulses,
in a pair of lasers or laser pulses interacting with each other,
the polanizations or phases of oscillation tend to be reverse
rotations or opposite phases (in the case of interaction of
antiferromagnetism), or the identical rotation or the 1dentical
phase (in the case of interaction of ferromagnetism) respec-
tively such that the threshold gain of the oscillation mode 1s
the lowest.

In other words, 1n the system configured by one pair of
lasers or laser pulses, the polarization or phases of oscilla-
tion can be optimized such that the threshold gain of the
oscillation mode 1s the lowest. On the other hand, in the
system configured by many pairs of lasers or laser pulses,
when an attempt to optimize the polarizations or phases of
oscillation 1s made for a *“‘certain” pair of lasers or laser
pulses, the polarization or phases of oscillation cannot be
optimized for “the other” pairs of lasers or laser pulses.
Therefore, 1n the system configured by many pairs of lasers
or laser pulses, a “point of compromise” on the polarizations
or phases of oscillation as the “overall” network of lasers or
laser pulses 1s searched for.

However, 1n a case where the polarization or phases of
oscillation are optimized in the overall network of lasers or
laser pulses, 1t 1s necessary to make an attempt to achieve
synchronization between the lasers or laser pulses so as to
establish a single oscillation mode 1n the overall network of
lasers or laser pulses instead of establishing i1ndividual
oscillation modes 1n the respective pairs of lasers or laser
pulses.

As described above, according to Patent Literatures 1 and
2 and Non-Patent Literature 1, the pumping energy of each
laser or laser pulse 1s controlled, a single oscillation mode
which mimimizes the threshold gain 1n the overall network of
lasers or laser pulses 1s established, the polarization or phase
of oscillation of each laser or laser pulse 1s measured, and the
direction of each Ising spin 1s finally measured. Therelore,
the problems of the trapping into the metastable states and
the implementation rate of the Ising interaction in the
quantum annealing machine and the quantum adiabatic
machine can be solved.

In addition, according to Patent Literatures 1 and 2 and
Non-Patent Literature 1, 1t 1s possible to freely control not
only the magnitude of Ising interaction between sites physi-
cally located close to each other but also the magnitude of
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Ising interaction between sites physically located far from
cach other. Accordingly, the artificial Ising model mapped
from an NP-complete problem or the like can be solved
regardless of the physical distances between the sites.

Next, Patent Literatures 1 and 2 are concretely explained.
First, the magnitude and sign of the pseudo Ising interaction
between two surface emission lasers are implemented by
controlling the amplitudes and phases of light exchanged
between the two surface emission lasers. Next, the pseudo
Ising spins of the respective surface emission lasers are
measured by measuring the polarization or phases of oscil-
lation 1n the respective surface emission lasers after the
respective surface emission lasers reach a steady state during,
the light exchange process.

At this time, 1n order to establish a single oscillation mode
in which the polarizations or phases of oscillation 1n the
overall network of surface emission lasers are optimized, 1t
1s necessary to achieve synchronization between the surface
emission lasers. Therefore, the oscillation frequencies of the
surface emission lasers are equalized to an identical fre-
quency by using injection locking from a master laser to the
surface emission lasers. However, because the free-running
frequencies of the surface emission lasers are slightly diif-
terent from the oscillation frequency of the master laser, the
phases of oscillation of the surface emission lasers in the
initial state are unbalanced toward the zero phase or & phase
in the oscillation of the surface emission lasers in the steady
states. Resultantly, incorrect answers are likely to be caused
by the unbalanced phases 1n the initial states.

In addition, 1n the case where the number of Ising sites 1s
M, the surface emission lasers in the number M are needed,
and M(M-1)/2 optical paths are needed between the surface
emission lasers. Further, the magnitude and sign of the
pseudo Ising interaction between the surface emission lasers
cannot be precisely implemented unless the lengths of the
optical paths between the surface emission lasers are pre-
cisely adjusted. Theretfore, in the case where the number of
the Ising sites 1s large, the Ising model quantum computation
device becomes massive and complex.

Next, Non-Patent Literature 1 1s explained concretely.
First, the magnitude and sign of the pseudo Ising interaction
between two laser pulses are implemented by controlling the
amplitudes and phases of light exchanged between the two
laser pulses. Next, the pseudo Ising spins of the respective
laser pulses are measured by measuring the phases of
oscillation 1n the respective laser pulses after the respective
laser pulses reach a steady state during the light exchange
pProcess.

At this time, 1n order to establish a single oscillation mode
in which the phases of oscillation 1n the overall network of
laser pulses are optimized, 1t 1s necessary to achieve syn-
chronization between the laser pulses. Therefore, the oscil-
lation frequencies of the laser pulses are equalized to an
identical frequency by using a degenerate optical parametric
oscillator and a ring resonator. In addition, because the
down-conversion by the degenerate optical parametric oscil-
lator, 1nstead of the 1injection locking by the master laser, 1s
used, the phases of oscillation of the laser pulses 1n the 1nitial
state are not unbalanced toward the zero phase or n phase 1n
the oscillation of the laser pulses 1n the steady states.
Resultantly, the incorrect answers caused by the unbalanced
phases 1n the initial states are unlikely to occur.

Then, a first method to realize a technique disclosed in
Non-Patent Literature 1 1s explained concretely. According,
to the first method, a modulator which controls the ampli-
tudes and phases of the light exchanged between laser pulses
1s arranged on a delay line which has a length equal to the
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interval of the laser pulses, branches from the ring resonator,
and joins the ring resonator. Part of preceding laser pulses
propagate through the delay line and are modulated by the
modulator, and subsequent laser pulses propagate 1n the ring
resonator and do not propagate through the delay line, so
that these laser pulses are combined, and resultantly light 1s
exchanged between the laser pulses. While the circular
propagation of the laser pulses 1n the ring resonator in the
above manner 1s repeated, the phases of the laser pulses are
measured after the laser pulses reach a steady state.

Thus, in the case where the number of the Ising sites 1s M,
(M-1) types of delay lines are needed, and the (M-1)
modulators are needed. In addition, unless the lengths of the
delay lines (equal to the interval between the laser pulses)
are precisely adjusted, the magnmitude and sign of the pseudo
Ising interaction between the laser pulses cannot be pre-
cisely implemented. Therefore, 1n the case where the num-
ber of the Ising sites becomes large, the Ising model quan-
tum computation device becomes massive and complex
even according to the first method.

Next, a second method for realizing the technique dis-
closed 1n Non-Patent Literature 1 1s explained concretely.
According to the second method, a detector which measures
the phases of the laser pulses 1s arranged at the branching
position from the ring resonator. In addition, a computer
which computes interactions 1n the Ising model on the basis
of coupling coetlicients 1n the Ising model and the measured
phases of the laser pulses 1s arranged. Further, a modulator
which controls the amplitudes and phases of light injected to
the laser pulses, on the basis of the computed 1nteractions in
the Ising model, 1s arranged at the joining position to the ring
resonator. While the feedback loop constituted by the detec-
tor, the computer, and the modulator as above 1s repeated,
the phases of the laser pulses are measured after the laser
pulses reach a steady state.

Thus, even 1n the case where the number of Ising sites 1s
M, the necessary number of each of the detector, computer,
and modulator 1s only one. In addition, neither the optical
paths (1in Patent Literatures 1 and 2) nor the delay lines
(according to the first method), the lengths of which should
be precisely adjusted, are necessary. Therefore, even 1n the
case where the number of the Ising sites becomes large, the
Ising model quantum computation device becomes small
and simple.

Further, 1t 1s desirable that the pseudo Ising interaction
between laser pulses be close to an instant interaction and
not be a delay interaction. Therefore, it 1s desirable that the
computer compute all interactions in the Ising model relat-
ing to all the laser pulses after the detector measures the
phases of all the laser pulses before all the laser pulses
“circulate once” in the ring resonator and the modulator
controls the amplitudes and phases of light injected to all the
laser pulses.

However, since the time for the computer computing all
interactions 1n the Ising model relating to all the laser pulses
increases 1n proportion to the square of the number of the
Ising sites (1n the case of the two-body Ising interactions), 1t
can be considered that when the number of Ising sites
becomes large the above computing time becomes longer
than the time 1n which all the laser pulses “circulate once”
in the ring resonator, due to limitations of clock signals and
memories 1n the computer.

In order to solve the above problems, the object of the
present disclosure 1s to secure suilicient time for computing
all interactions 1n the Ising model relating to all the laser
pulses during the process 1 which the feedback loop con-
stituted by the Ising spin measuring step, the Ising interac-
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tion computing step, and the Ising iteraction implementing,
step 1s repeated, and thereby stabilize the operations in the

entire system and lower the possibility of occurrence of
incorrect answers even 1n the case where the number of the
Ising sites 1s large.

Solution to Problem

In order to achueve the above object, the time 1n which all
the laser pulses “circulate once” in the ring resonator 1s
cllectively lengthened. In the Ising spin measuring step, the
measurement 1s suspended after one set of measurement of
all Ising spins 1s completed before another set of measure-
ment of all the Ising spins 1s restarted. In the Ising interaction
computing step, all Ising interactions relating to all the Ising
spins can be computed with a suflicient time margin on the
basis of the measurement of the Ising spins which has been
most recently performed, after one set of measurement of all
Ising spins 1s completed before another set of measurement
of all the Ising spins 1s restarted by the Ising spin measuring
step.

Specifically, the present disclosure 1s an Ising model
quantum computation device, characterized in including: a
degenerate optical parametric oscillator which causes
degenerate optical parametric oscillation of a plurality of
pseudo spin pulses corresponding to a plurality of spins in
the Ising model 1n a pseudo manner and having an 1dentical
oscillation frequency; a ring resonator which circularly
propagates the plurality of pseudo spin pulses; a temporary
spin measuring unit which temporarily measures pseudo
spins of the plurality of pseudo spin pulses by temporarily
measuring phases of the plurality of pseudo spin pulses
every time the plurality of pseudo spin pulses circularly
propagate 1n the ring resonator, and suspends measurement
alter one set of measurement 1s completed before another set
of measurement 1s restarted; an interaction computing unit
which temporarily computes all interactions relating to the
plurality of pseudo spin pulses, on the basis of coupling
coellicients of the Ising model and the pseudo spins of the
plurality of pseudo spin pulses which the temporary spin
measuring unit has most recently measured, after the tem-
porary spin measuring unit completes one set of measure-
ment before the temporary spin measuring unit restarts
another set of measurement; an interaction implementing
unit which temporarily implements magnitudes and signs of
all the interactions relating to the plurality of pseudo spin
pulses which the interaction computing unit has most
recently computed, by controlling amplitudes and phases of
light injected to the plurality of pseudo spin pulses, after the
interaction computing unit completes a temporary compu-
tation ol all the interactions relating to the plurality of
pseudo spin pulses; and a pseudo spin measuring unit which
measures the pseudo spins of the plurality of pseudo spin
pulses by measuring the phases of the plurality of pseudo
spin pulses after the plurality of pseudo spin pulses reach a
steady state while a feedback loop constituted by the tem-
porary spin measuring unit, the interaction computing unait,
and the interaction implementing unait.

According to the above structure, the time 1n which all the
laser pulses “circulate once” 1n the ring resonator 1s eflec-
tively lengthened. Therefore, 1n the Ising interaction com-
puting step, all Ising interactions relating to all the Ising
spins can be computed with a suflicient time margin on the
basis of the measurement of the Ising spins which has been
most recently performed.

In addition, the present disclosure 1s an Ising model
quantum computation device, characterized in that the ring
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resonator circularly propagates the plurality of successive
pseudo spin pulses, which correspond to the plurality of
spins 1in the Ising model 1 a pseudo manner; and the
plurality of pseudo spin pulses circularly propagating in the
ring resonator each pass once or more times the position of
the branch from the ring resonator to the temporary spin
measuring unit, aiter the temporary spin measuring unit
completes one set ol measurement before the temporary spin
measuring unit restarts another set of measurement.

According to the above structure, in the Ising interaction
computing step, all the Ising interactions relating to all the
Ising spins can be computed with a suflicient time margin on
the basis of the measurement of the Ising spins which has
been most recently performed, while the plurality of pseudo
spin pulses each pass once or more times the position of the
branch from the ring resonator to the temporary spin mea-
suring unit.

In addition, the present disclosure 1s an Ising model
quantum computation device, characterized in that the ring
resonator circularly propagates the plurality of successive
pseudo spin pulses corresponding to the plurality of spins in
the Ising model in a pseudo manner, and a plurality of
successive dummy pulses which do not correspond to the
plurality of spins 1n the Ising model; and the plurality of
dummy pulses circularly propagating in the ring resonator
cach pass once the position of a branch from the ring
resonator to the temporary spin measuring unit, after the
temporary spin measuring unit completes one set of mea-
surement before the temporary spin measuring unit restarts
another set of measurement.

According to the above structure, in the Ising interaction
computing step, all the Ising interactions relating to all the
Ising spins can be computed with a suflicient time margin on
the basis of the measurement of the Ising spins which has
been most recently performed, while the plurality of dummy
pulses each pass once the position of the branch from the
ring resonator to the temporary spin measuring unit.

In addition, the present disclosure 1s an Ising model
quantum computation device, characterized in that the
degenerate optical parametric oscillator controls oscillation
phases and oscillation intensities of the plurality of dummy
pulses to a predetermined phase and a predetermined inten-
sity, respectively; and the Ising model quantum computation
device performs calibration of a phase characteristic of the
quantum computation device by using the plurality of
dummy pulses as a reference signal.

According to the above structure, the plurality of pseudo
spin pulses, having oscillation phases the optimum solution
of which 1s unknown and oscillation intensities which vary
with time during computation, are not used as the reference
signal, and the calibration of the phase characteristic of the
Ising model quantum computation device can be performed
by using as the reference signal the plurality of dummy
pulses, which have the predetermined oscillation phase and
the predetermined oscillation intensity.

In addition, the present disclosure 1s the Ising model
quantum computation device, characterized i1n further
including a ring-resonance-length control unit which con-
trols a resonance length of the ring resonator such that the
oscillation intensities of the plurality of dummy pulses are
maximized to a predetermined intensity.

According to the above structure, the resonance length of
the ring resonator can be stabilized to a constant value even
in the case where the resonance length of the ring resonator
can vary with time in correspondence with varnations with
time 1n installation environment (e.g., the temperature) of
the Ising model quantum computation device. Therefore, 1t
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1s possible to stabilize the amplification 1ntensity 1n a phase
sensitive amplifier 1 the degenerate optical parametric
oscillator, the timings of 1nterference with the local oscilla-
tion light 1n the temporary spin measuring unit, and the
timings of interference with injection pulses in the interac-
tion implementing unit, every time the plurality of pseudo
spin pulses circularly propagate 1n the ring resonator once or
more times. In addition, 1t 1s possible to precisely perform
pulse stabilization in the phase sensitive amplifier in the
degenerate optical parametric oscillator, pulse phase mea-
surement in the temporary spin measuring unit, and inter-
action implementation in the interaction implementing unit,
and thus greatly improve the precision of the computations
in the Ising model quantum computation device.

In addition, the present disclosure 1s the Ising model
quantum computation device, characterized in further
including a local-oscillation-light control umt controlling
interference timings between the plurality of pseudo spin
pulses and local oscillation light which the temporary spin
measuring unit uses for measurement of the phases of the
plurality of pseudo spin pulses, 1n such a manner that a result
of interference between the plurality of dummy pulses and
the local oscillation light which the temporary spin measur-
ing unit uses for measurement of the phases of the plurality
of pseudo spin pulses becomes a predetermined interference
result which 1s expected from a predetermined oscillation
phase of the plurality of dummy pulses.

According to the above structure, 1t 1s possible to stabilize
the timings of interference with the local oscillation light in
the temporary spin measuring unit, every time the plurality
of pseudo spin pulses circularly propagate in the ring
resonator once or more times. Therelore, 1t 1s possible to
precisely perform the pulse phase measurement 1n the tem-
porary spin measuring unit, and thus greatly improve the
precision of the computations in the Ising model quantum
computation device.

In addition, the present disclosure i1s the Ising model
quantum computation device, characterized in further
including an injection-pulse control unit controlling inter-
ference timings between the plurality of pseudo spin pulses
and a plurality of spin injection pulses having oscillation
phases with consideration of interactions used by the inter-
action implementing unit for light injection to the plurality
of pseudo spin pulses, in such a manner that a result of
interference between the plurality of dummy pulses and a
plurality of dummy 1njection pulses having a predetermined
oscillation phase used by the interaction implementing unit
tor light 1njection to the plurality of dummy pulses becomes
a predetermined interference result which 1s expected from
a predetermined oscillation phase of the plurality of dummy
pulses.

According to the above structure, 1t 1s possible to stabilize
the timings of mterference with the injection pulses in the
interaction implementing unit, every time the plurality of
pseudo spin pulses circularly propagate 1n the ring resonator
once or more times. Therefore, 1t 1s possible to precisely
perform the interaction implementation in the interaction
implementing unit, and thus greatly improve the precision of
the computations in the Ising model quantum computation
device.

In addition, the present disclosure i1s the Ising model
quantum computation device, characterized in that the inter-
action implementing unit controls the amplitudes of the light
injected to the plurality of pseudo spin pulses to be greater,
when an interval from a time at which the temporary spin
measuring unit completes one set of measurement to a time
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at which the temporary spin measuring unit restarts another
set of measurement 1s longer.

The mjection intensity into the laser pulses 1s effectively
smaller in the case where the measurement of spins and the
implementation of interactions are suspended than in the
case where the measurement of spins and the implementa-
tion of interactions are not suspended. According to the
above structure, the 1njection 1ntensities into the laser pulses
are controlled to be greater when the duration of the sus-
pension of the measurement of spins and the implementation
of interactions 1s longer. Therefore, the balance of the
injection intensity into the laser pulses and the pump gain
can be maintained even 1n the case where the measurement
of spins and the implementation of interactions are sus-
pended as well as in the case where the measurement of
spins and the implementation of interactions are not sus-
pended.

In addition, the present disclosure 1s the Ising model
quantum computation device, characterized in that the
degenerate optical parametric oscillator controls a pump rate
in degenerate optical parametric oscillation of the plurality
of pseudo spin pulses to be smaller, when an interval from
a time at which the temporary spin measuring unit completes
one set of measurement to a time at which the temporary
spin measuring unit restarts another set of measurement 1s
longer.

The mjection intensity into the laser pulses 1s effectively
smaller in the case where the measurement of spins and the
implementation of interactions are suspended than in the
case where the measurement of spins and the implementa-
tion of interactions are not suspended. According to the
above structure, the pump gain to the laser pulses 1s con-
trolled to be decreased when the duration of the suspension
of the measurement of spins and the implementation of
interactions 1s longer. Therefore, the balance of the 1njection
intensity into the laser pulses and the pump gain can be
maintained even 1n the case where the measurement of spins
and the implementation of interactions are suspended as well
as 1n the case where the measurement of spins and the
implementation of interactions are not suspended.

In addition, the present disclosure 1s the Ising model
quantum computation device, characterized in that the inter-
action implementing unit controls the amplitudes of the light
injected to the plurality of pseudo spin pulses to be smaller,
when an average degree in graph representation of the Ising
model 1s higher.

According to the above structure, the reduction of the
injection mtensity into the laser pulses having high degrees
in graph representation prevents Ising spins having high
degrees in graph representation from oscillating between
o==x1. Therefore, the operation in the entire system does not
become unstable, and the possibility of occurrence of incor-
rect answers 1s lowered.

As explained above, according to the present disclosure,
suflicient time 1s secured for computing all the interactions
in the Ising model relating to all laser pulses during repeti-
tion ol the feedback loop constituted by the Ising spin
measuring step, the Ising interaction computing step, and
Ising interaction implementing step. Therefore, even 1n the
case where the number of Ising sites 1s large, 1t 1s possible
to stabilize the operations in the entire system, and lower the
possibility of occurrence of incorrect answers.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 1s a diagram 1illustrating a configuration of an Ising
model quantum computation device according to the present
disclosure.
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FIG. 2 1s a diagram illustrating a first procedure 1n the
Ising model quantum computation method according to the
present disclosure.

FIG. 3 1s a diagram 1llustrating a second procedure in the
Ising model quantum computation method according to the
present disclosure.

FIG. 4 1s a diagram 1llustrating a third procedure in the
Ising model quantum computation method according to the
present disclosure.

FIG. 5 1s a diagram illustrating stabilization of a phase
characteristic of the Ising model quantum computation
device according to the present disclosure.

FIG. 6 1s a diagram 1illustrating a time development of a
quantum computation of a random graph in the case where
the coupling coeflicient & 1s not compensated by the feed-
back delay of L round trips 1n the second procedure.

FIG. 7 1s a diagram 1illustrating a time development of a
quantum computation of a random graph in the case where
the coupling coeflicient € 1s compensated by the feedback
delay of L round trips in the second procedure.

FIG. 8 1s a diagram illustrating computation results of
quantum computations of random graphs 1n the cases where
the coupling coeflicient € is or is not compensated by the
teedback delay of L round trips 1n the second procedure.

FIG. 9 1s a diagram illustrating the time development of
a quantum computation of a scale-free graph in the case
where the coupling coeflicient € 1s not compensated by the
teedback delay of L round trips 1n the second procedure.

FI1G. 10 15 a diagram 1illustrating the time development of
a quantum computation of a scale-ifree graph in the case
where the coupling coefficient € i1s compensated by the
teedback delay of L round trips 1n the second procedure.

FIG. 11 1s a diagram illustrating a computation result of
a quantum computation of a scale-free graph in the cases
where the coupling coeflicient € is or is not compensated by
the feedback delay of L round trips in the second procedure.

FI1G. 12 15 a diagram 1illustrating the time development of
a quantum computation of a complete graph 1n the case
where the coupling coeflicient € 1s not compensated by the
teedback delay of L round trips 1n the second procedure.

FIG. 13 1s a diagram 1llustrating the time development of
a quantum computation of a complete graph in the case
where the coupling coefficient € is compensated by the
teedback delay of L round trips 1n the second procedure.

FIG. 14 1s a diagram 1llustrating a computation result of
a quantum computation of a complete graph 1n the cases
where the coupling coeflicient € is or is not compensated by
the feedback delay of L round trips in the second procedure.

FIG. 15 1s a diagram 1llustrating a computation result of
a quantum computation of a random graph in the case where
the pump rate p 1s compensated by the feedback delay of L
round trips 1n the second procedure.

FIG. 16 1s a diagram 1illustrating a computation result of
a quantum computation of a scale-free graph in the case
where the pump rate p 1s compensated by the feedback delay
of L round trips 1n the second procedure.

FIG. 17 1s a diagram 1illustrating a computation result of
a quantum computation of a complete graph 1n the case
where the pump rate p 1s compensated by the feedback delay
of L round trips 1n the second procedure.

FIG. 18 1s a diagram 1llustrating a computation result of
a quantum computation of a random graph in the case where
the coupling coeflicient € and the pump rate p are variable
in the second procedure.

FIG. 19 1s a diagram 1llustrating a computation result of
a quantum computation of a scale-ifree graph in the case
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where the coupling coeflicient € and the pump rate p are
variable 1n the second procedure.

DETAILED DESCRIPTION OF TH.
PREFERRED EMBODIMENT

L1

Embodiments of the present disclosure will be described
with reference to the accompanying drawings. The embodi-
ments described hereinbelow are practical examples of the
present disclosure, and the present disclosure 1s not limited
to the following embodiments.

(Configuration and Principle of Ising Model Quantum Com-
putation Device According to Present Disclosure)

A configuration of an Ising model quantum computation
device Q according to the present disclosure 1s 1llustrated 1n
FIG. 1. In the present disclosure, an Ising Hamiltonian 1s
assumed to be as Numerical Expression 1 to include one-
body to three-body interactions.

|[Numerical Expression 1]

M M
Z JHEJ";U'J' — Z KURD';U'_;U'R

H4=1 L k=1

H =

M
i=1

A degenerate optical parametric oscillator 1 causes degen-
erate optical parametric oscillation of a plurality of pseudo
spin pulses SP1 to SP4 corresponding to a plurality of Ising
model spins o, to 0, in a pseudo manner and having an
identical oscillation frequency. A ring resonator 2 allows the
plurality of pseudo spin pulses SP1 to SP4 to circularly
propagate. The plurality of pseudo spin pulses SP1 to SP4
enter a feedback loop described later, in the order of SP1,
SP2, SP3, SP4, SP1, SP2, SP3, SP4, . . ..

Every time the plurality of pseudo spin pulses SP1 to SP4
circularly propagate 1n the ring resonator 2, a temporary spin

measuring unit 3 temporarily measures the pseudo spins o,
to 0, of the plurality of pseudo spin pulses SP1 to SP4 by
temporarily measuring the phases of the plurality of pseudo
spin pulses SP1 to SP4. Specifically, the temporary spin
measuring unit 3 performs homodyne detection on the
plurality of pseudo spin pulses SP1 to SP4 by using a local
oscillation pulse LO.

An 1teraction computing unit 4 temporarily computes
interactions relating to a certain pseudo spin pulse SP1 (i.e.,
the proportionality factors -A,, -2J,0,, and -2K,,0,0, for
0;) on the basis of the coupling coetlicients A, ] , and K,
in the Ising model relating to the certain pseudo spin pulse
SP1 and the pseudo spins 0, and o, of the other pseudo spin
pulses SPj and SPk which the temporary spin measuring unit
3 has temporarily measured. In FIG. 1, a case 1n which 1, 1,
and k=1 to 4 1s 1illustrated.

After an NP-complete problem or the like 1s mapped nto
the Ising model, the interaction computing unit 4 inputs the
coupling coetlicients A, J,,, and K, 1n the Ising model.

An 1nteraction implementing unit 5 controls the ampli-
tudes and phases of light injected to the certain pseudo spin
pulse SP1 to temporarily implement a magmtude and a sign
of the interaction relating to the certain pseudo spin pulse
SP1 (1.e., the proportionality factors -A,, -2J.,0;, and
-2K, 0,0, for 0,) which the interaction computing unit 4
has temporarily computed. Specifically, the interaction
implementing unit 3 generates injected light pulses for the

certain pseudo spin pulse SP1 by using the local oscillation
pulse LO.
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A pseudo spin measuring unit 6 measures the pseudo
spins 0, to 0, of the plurality of pseudo spin pulses SP1 to
SP4 by measuring the phases of the plurality of pseudo spin
pulses SP1 to SP4 after the plurality of pseudo spin pulses
SP1 to SP4 reach a steady state while a feedback loop
constituted by the temporary spin measuring unit 3, the
interaction computing unit 4, and the interaction implement-
ing unit 5 1s repeated. Specifically, the pseudo spin measur-
ing unit 6 performs homodyne detection on the plurality of

pseudo spin pulses SP1 to SP4 by using the local oscillation
pulse LO.

After the pseudo spin measuring unit 6 outputs the Ising
model spins o, to 0,, the Ising model 1s demapped to the
NP-complete problem or the like.

As explained above, the pumping energy 1s controlled by
the degenerate optical parametric oscillator 1, a single
oscillation mode which minimizes the threshold gain in the
overall network of the plurality of pseudo spin pulses SP1 to
SP4 1s established, the oscillation phases of the plurality of
pseudo spin pulses SP1 to SP4 are measured, and the
directions of the respective Ising spins corresponding to the
plurality of pseudo spin pulses SP1 to SP4 are finally
measured.

In the explanations with reference to FIG. 1, no degen-
erate optical parametric amplification step 1s 1nserted
between the temporary spin measuring step and the inter-
action implementing step. Since almost no time lag occurs
in this case, it 1s possible to implement interactions between
the sites 1n the Ising model with almost no delay.

In an example of a vanation, a degenerate optical para-
metric amplification step may be inserted between the
temporary spin measuring step and the interaction imple-
menting step. Although a time lag to some degree occurs in
this case, interactions between the sites in the Ising model
can be implemented substantially without delay.

Details of the computations in FIG. 1 are explained. The
oscillation phase O of the local oscillation pulse LO does not
vary through the imitial state to the steady state. The oscil-
lation phase ¢(t) of each pseudo spin pulse SP randomly
becomes zero or n 1n the initial state. (Each pseudo spin
pulse SP undergoes degenerate optical parametric oscillation
by the degenerate optical parametric oscillator 1, and 1s thus
in a squeezed state.) The oscillation phase ¢(t) of each
pseudo spin pulse SP becomes zero or m 1n the steady state
according to the Ising interaction. The values 0 and & of the
¢(steady) 1n the steady state respectively correspond to the
values +1 and -1 of o©.

In the case where the coupling coetlicient A, of a one-body
interaction with respect to each pseudo spin pulse SP is
positive, 1t 1s energetically advantageous that the pseudo
spin 0 ol the pseudo spin pulse SP be x1. Thus, the
interaction implementing unit 5 facilitates establishment of
an oscillation mode 1n which the oscillating phase ¢(steady)
of the pseudo spin pulse SP 1s zero.

In the case where the coupling coetlicient A1 of a one-body
interaction with respect to each pseudo spin pulse SP is
negative, 1t 1s energetically advantageous that the pseudo
spin 0 ol the pseudo spin pulse SP be -1. Thus, the
interaction implementing unit 5 facilitates establishment of
an oscillation mode 1n which the oscillating phase ¢(steady)
of the pseudo spin pulse SP 1s m.

In the case where the coupling coetlicient J,, ot a two-body
interaction with respect to two pseudo spin pulses SP 1is
positive, 1t 1s energetically advantageous that the pseudo
spins o of the two pseudo spin pulses SP have an 1dentical
sign. Thus, the interaction implementing unit 3 facilitates

[
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establishment of an oscillation mode 1n which the oscillating
phases ¢(steady) of the two pseudo spin pulses SP are
identical.

In the case where the coupling coetlicient J,; of a two-body
interaction with respect to two pseudo spin pulses SP 1is
negative, 1t 1s energetically advantageous that the pseudo
spins O of the two pseudo spin pulses SP have opposite
signs. Thus, the interaction implementing unit 5 facilitates
establishment of an oscillation mode 1n which the oscillating

phases ¢(steady) of the two pseudo spin pulses SP are
opposite.

In the case where the coupling coefhicient K, ot a
three-body 1nteraction with respect to three pseudo spin
pulses SP 1s positive, it 1s energetically advantageous that:
(1) the pseudo spins o of the three pseudo spin pulses SP are
+1; or (2) the pseudo spins o of two of the three pseudo spin
pulses SP are —1 and the pseudo spin o of one of the three
pseudo spin pulses SP 1s +1. Thus, the interaction imple-
menting unit 5 facilitates establishment of: (1) an oscillation
mode 1n which the oscillating phases ¢(steady) of the three
pseudo spin pulses SP are zero; or (2) an oscillation mode 1n
which the oscillating phases ¢(steady) of two of the three
pseudo spin pulses SP are m and the oscillating phase
¢(steady) of one of the three pseudo spin pulses SP 1s zero.

In the case where the coupling coefhicient K, of a
three-body 1nteraction with respect to three pseudo spin
pulses SP 1s negative, 1t 1s energetically advantageous that:
(1) the pseudo spins o of the three pseudo spin pulses SP are
—1; or (2) the pseudo spins o of two of the three pseudo spin
pulses SP are +1 and the pseudo spin o of one of the three
pseudo spin pulses SP 1s —1. Thus, the interaction 1mple-
menting unit S facilitates establishment of: (1) an oscillation
mode 1n which the oscillating phases ¢(steady) of the three
pseudo spin pulses SP are m; or (2) an oscillation mode 1n
which the oscillating phases ¢(steady) of two of the three
pseudo spin pulses SP are zero and the oscillating phase
¢(steady) of one of the three pseudo spin pulses SP 1s .

However, the interaction implementing unit 5 actually
performs 1mplementation for establishing a single oscilla-
tion mode 1n the entire Ising model quantum computation
device QQ as a whole. Therefore, the alorementioned oscil-
lation modes may actually be established, or may not
necessarily be established 1n each of the pseudo spin pulses
SP.

The principle of the computations 1 FIG. 1 1s explained
in detail. In each of the pseudo spin pulses SP1, SP2, SP3,
SP4, the rate equations for the I-component intensity ¢, and
the Q-component intensity s, 1 correspondence with the
van der Pol’s equation, are as indicated in Numerical
Expressions 2 and 3.

= (—14+p— (2 +s)e; + [Numerical Expression 2|

dr
M M
§f+2§u€j+ Z Xijk CjC
=1 i=1,k=1
d Numerical Expression 3
=S =(=1—p—(ci+s7))s; + | P |

In the equations 2 and 3, t 1s dimensionless time, and
t=y /2, where T 1s an actual time, and v 1s damping factor
of the signal light in the resonator. In addition, ¢, and s, are
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respectively the I-component intensity and the Q-component
intensity after normalization, 1.e., ¢c=C/A_ and s=S/A_,
where C. and S, are respectively the intensities of the
I-component and the Q-component before normalization.
The normalization factor A _ 1s the intensity of the signal light
in the case of p (the pump rate after normalization as
explained later)=2, and is represented as A_=V (YSYp/2K2)3
where v, 1s damping factor in the resonator of the pump
light, and K 1s a degeneracy optical parametric gain. The
pump rate after normalization p 1s represented as p=Ft /I,
where I 1s a pump rate before normalization. The normal-
ization factor F,, 1s a threshold pump rate, and is represented

F =y (y,)/4K.

The term —c, 1n Numerical Expression 2 and the term -s,
in Numerical Expression 3 are terms relating to loss in the
resonator, and the term +pc, in Numerical Expression 2 and
the term -ps, in Numerical Expression 3 are terms relating
to linear gain. The term —(c,”+s,”)c, in Numerical Expression
2 and the term —(c,”+s,%)s, in Numerical Expression 3 are
terms relating to saturation gain. These terms constitute a
van der Pol’s equation not containing a perturbation term
caused by light 1njection.

The terms relating to C, in the Numerical Expressions 2
and 3 are terms relating to the one-body interaction, and
perturbation terms for the van der Pol’s equation which are
caused by light injection. A method, performed by the
interaction 1mplementing unit 5, for generating, for the
pseudo spin pulse SP1, injection light pulses for implement-
ing one-body interactions (-C, which has the same sign as
the proportionality coetlicient —A, for o,, and 1s proportional
to the proportionality coetlicient —A,) 1s explained.

The interaction computing unit 4 computes one-body
interaction (-C, proportional to the proportionality coeffi-
cient —A, for o,). In the case where C, is positive, the
interaction implementing unit 5 generates an injection light
pulse by performing, on the local oscillation pulse LO
(having the oscillation phase of zero), phase modulation to
maintain the oscillating phase as 1t 1s, and amplitude modu-
lation in proportion to I1C |. In the case where C, 1s negative,
the interaction implementing unit 5 generates an 1njection
light pulse by performing, on the local oscillation pulse LO
(having the oscillation phase of zero), phase modulation to
delay the oscillation phase by m and amplitude modulation
in proportion to IC,l.

The terms relating to &;; in the Numerical Expressions 2
and 3 are terms relating to the two-body interaction, and
perturbation terms for the van der Pol’s equation which are
caused by light imection. A method, performed by the
interaction implementing unit 5, for generating, for the
pseudo spin pulse SP1, mjection light pulses for implement-
ing a two-body interaction (-X§,,0,, which has the same sign
as the proportionality coetlicient -] .0, tor o, and 1s pro-
portional to the proportionality coethicient -2J,0;) 1
explained.

The temporary spin measuring unit 3 has already mea-
sured the oscillation phase ¢ (1) and the pseudo spin o, of the
pseudo spin pulse SPj before the current circulation. The
interaction computing unit 4 computes the two-body inter-
action (-X&,,0, in proportion to the proportionality coethi-
cient —-2J,.0; for 0,). In the case where the coeflicient ¢,
between the ith and jth sites 1s positive, the interaction
implementing umt 5 generates an injection light pulse by
performing, on the local oscillation pulse LO (having the
oscillation phase of zero), phase modulation 1n which the
oscillating phase 1s shifted to ¢,(t) and 1s not further
reversed, and amplitude modulatlon in proportion to g, [. In
the case where the coeflicient &, between the ith and Jth s1tes
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1s negative, the interaction implementing unit 5 generates an
injection light pulse by performing, on the local oscillation
pulse LO (having the oscillation phase of zero), phase
modulation 1n which the oscillating phase 1s shifted to ¢,(t)
and 1s further reversed, and amplitude modulation in pro-
portion to I, |. The interaction implementing unit 5 gener-
ates the imjection light pulses as described above for all
combinations of the 1th and jth sites.

The terms relating to y, , in the Numerical Expressions 2
and 3 are terms relating to the three-body interaction, and
perturbation terms for the van der Pol’s equation which are
caused by light imjection. A method, performed by the
interaction implementing umt 5, for generating, for the
pseudo spin pulse SP1, 1mnjection light pulses for implement-
ing a three-body interaction (-2, ,,0,0;, which has the same
sign as the proportionality coetlicient -2K ;0.0, for o,, and
1s proportional to the proportionality coeflicient -2K, ,0.0;)
1s explained.

The temporary spin measuring umt 3 has already mea-
sured the oscillation phases ¢,(1), ¢,(t) and the pseudo spins
0, 0; of the pseudo spin pulses SP1, SPk before the current
cnrculatlon The interaction computing unit 4 computes the
three-body 1nteraction (-2, ,0,0, 1n proportion to the pro-
portionality coetlicient -2K,, 0,0, for 0;). In the case where
the coethicient 5, ;, among the ith, jth, and kth sites is po sitive,
the interaction implementing unit 5 generates an 1njection
light pulse by performing, on the local oscillation pulse LO
(having the oscillation phase of zero), phase modulation 1n
which the oscillating phase 1s shifted to ¢,(t) (explamed
later) and 1s not further reversed, and amplitude modulation
in proportion to Iy, ,|. In the case where the coethicient .
among the ith, jth, and kth sites 1s negative, the interaction
implementing umt 5 generates an injection light pulse by
performing, on the local oscillation pulse LO (having the
oscillation phase of zero), phase modulation in which the
oscillating phase 1s shitted to ¢, (t) (explained later) and is
turther reversed, and amplitude modulation 1n proportion to
%;x. The interaction implementing unit S generates the
injection light pulses as described above for all combina-
tions of the ith, jth, and kth sites.

The phase ¢ (1) satisties o 1,008 ¢, (1). The reason why
¢ (1) has to be defined like thls 1S explamed It 1s suilicient
to linearly superpose the pseudo spin pulses SP1, SPj for
implementing the two-body interaction (-X&,0; in propor-
tion to the proportionality coeflicient —2J, 0, for o,) for the
pseudo spin pulse SPi1. However, 1 order to implement the
three-body 1nteraction (-2, ,0,0, 1n proportion to the pro-
portionality coeflicient 2K, ,0,0; for G,) for the pseudo spin
pulse SP1, 1t 15 not suili

icient to linearly superpose the pseudo
spin pulses SP1, SPy, SPk.

Nevertheless, 11 the nonlinear effect among the pseudo
spin pulses SP1, SPy, SPk 1s utilized, the circuit configuration
of the Ising model quantum computation device () becomes
complex. Theretore, in the case where 0,0;,=cos ¢,,(1), linear
superposition of the pseudo spin pulse SP1 and the injection
light pulse can be used, so that the circuit configuration of
the Ising model quantum computation device () becomes
simple.

Further, it 1s possible to mmplement a multiple-body
interaction among four or more bodies 1n the Ising model
within the limitation of the linear superposition ol each
pseudo spin pulses SP1 and the respective injection light
pulse. When a multiple-body interaction among four or more
bodies 1n the Ising model 1s implemented, the definition
0,0;0; . .. =COS ¢y, . . . (1) (Where the left side 1s a product
of the number (N-1) of os in the case of an N-body
interaction) 1s provided, and the pseudo spin pulse SP1 and
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the injection light pulse can be linearly superposed, in a
similar manner to the manner described beifore.

In the steady state, Numerical Expressions 2 and 3 are
respectively expressed in Numerical Expressions 4 and 3.

C;._% +(1-p+ 552)05 iy A |[Numerical Expression 4]

M M
Z £ijCj — Xijcjce =0
5? +(1+p+ ‘352) 5; =& — [Numerical Expression 3]
M M
Z §ijSj = Xijies jsp = 0

The part p—(c,“+s,*) of Numerical Expression 2 is the
saturation gain for the pseudo spin pulse SPi1. In the steady
state, the saturation gain in the overall network 1s equal to
the photon attenuation rate in the entire network, the I-com-
ponent ¢, 1s a finite value, and the Q-component s, 1s zero.
Theretfore, the photon attenuation rate I' 1n the entire net-
work 1s expressed as Numerical Expression 6.

|[Numerical Expression 6]

M M
[ = Z(P—C?)’”M —thfﬂ'f -
i=1 i=1

M M

Z §ijoi0 ;= Z Xip U0 jTy

ij=1 i jk=1

The first term on the rightmost side of Numerical Expres-
sion 6 indicates the order-zero contribution with respect to
the perturbation in the case where the third to fifth terms on
the left side of Numerical Expression 4 are perturbation
terms. In addition, the second to fourth terms on the right-
most side of Numerical Expression 6 indicate the first-order
contribution with respect to the perturbation in the case
where the third to fifth terms on the left side of Numerical
Expression 4 are perturbation terms. Further, the relation-
ships o,=sgn(c,)~sgn(c,”’) (where ¢” indicates the order-
zero contribution with respect to the perturbation) are used.

In the case where the medium of the laser 1s a homoge-
neous medium, an oscillating phase state {o,} which realizes
the smallest photon attenuation rate I' 1n the entire laser
system 15 selected. That 1s, a single specific oscillation mode
1s selected in the entire laser system. In addition, because of
the competition among oscillation modes, the single specific
oscillation mode suppresses the other oscillation modes. In
other words, 1" 1n Numerical Expression 6 1s minimized 1n
the entire laser system. On the other hand, M 1n Numerical
Expression 6 1s constant 1n the entire laser system. Resul-
tantly, -xC,0,-2¢,0,0,-2y,,;0,0,0; of Numerical Expres-
sion 6 1s minimized 1n the entire laser system. That 1s, a
ground state at which the Ising Hamiltonian of Numerical
Expression 1 1s minimized 1s realized.

(Delay Feedback 1n Quantum Computation Method for Ising
Model According to Present Disclosure)

The first procedure 1n the Ising model quantum compu-
tation method according to the present disclosure is illus-
trated in FI1G. 2. In the first procedure, because 1000 Ising
sites exist, 1000 pseudo spin pulses SP, circularly propagate.
In addition, every time a set of pseudo spin pulses {SP,}
circulate once, the temporary spin measuring step and the
interaction implementing step are performed.
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In this situation, 1t 1s desirable that the pseudo Ising
interactions among the pseudo spin pulses SP, be close to an
instantaneous interaction and not be a delay interaction.
Therefore, it 1s desirable that the interaction computing unit
4 compute all interactions in the Ising model relating to all
the pseudo spin pulses SP, after the temporary spin measur-
ing umt 3 measures the phases of all the pseudo spin pulses
SP. before all the pseudo spin pulses SP, “circulate once” 1n
the ring resonator 2 and the interaction implementing unit 5
controls the amplitudes and phases of light injected to all
pseudo spin pulses SP..

However, the time 1n which the interaction computing,
unmt 4 computes all interactions in the Ising model relating
to all the pseudo spin pulses SP, increases in proportion to
the square of the number of Ising sites (in the case of
two-body Ising interactions). Therefore, because of the
limitations of the clock signals and memories 1n the inter-
action computing unit 4 (e.g., FPGA), 1t can be considered
that, 1n the case where the number of Ising sites 1s large, the
time 1n which the interaction computing unit 4 computes all
interactions in the Ising model relating to all the pseudo spin
pulses SP. becomes longer than the time in which all the
pseudo spin pulses SP, “circulate once™ 1n the ring resonator
2.

The second procedure 1n the Ising model quantum com-
putation method according to the present disclosure 1s
illustrated 1n FIG. 3. In the second procedure, because 1000
Ising sites exist, 1000 pseudo spin pulses SP, circularly
propagate. In addition, 1n order to secure suilicient time for
computing all the interactions in the Ising model relating to
all the pseudo spin pulses SP,, the time for all the pseudo
spin pulses SP, to “circulate once™ in the ring resonator 2 1s
cllectively increased. That 1s, the interaction computing unit
4 computes all the interactions 1n the Ising model relating to
all the pseudo spin pulses SP, after the temporary spin
measuring unit 3 measures the phases of all the pseudo spin
pulses SP, before all the pseudo spin pulses SP, “circulate L
times” 1n the ring resonator 2 and the interaction implement-
ing unit 5 controls the amplitudes and phases of light
injected to all the pseudo spin pulses SP,. Thus, a sutlicient
time margin 1s provided for computing the interactions.

Specifically, the temporary spin measuring unit 3 sus-
pends measurement after completing measurement of a set
of pseudo spin pulses {SP,} before restarting measurement
of a set of pseudo spin pulses {SP,}. The plurality of pseudo
spin pulses SP, circularly propagating in the ring resonator
2 each pass L times the position of the branch from the ring
resonator 2 to the temporary spin measuring unit 3 after the
temporary spin measuring unit 3 completes measurement of
a set of pseudo spin pulses {SP,} before the temporary spin
measuring unit 3 restarts measurement of a set of pseudo
spin pulses {SP,}. In addition, while the plurality of pseudo
spin pulses SP, circularly propagating in the ring resonator
2 each pass L times the position of the branch from the ring
resonator 2 to the temporary spin measuring unit 3, the
plurality of pseudo spin pulses SP, merely sufler the gain by
the degenerate optical parametric oscillator 1 and losses due
to output to the feedback loop.

Further, the interaction computing unit 4 computes all the
interactions relating to all the pseudo spin pulses SP, on the
basis of the most recent spin measurement, aiter the tem-
porary spin measuring unit 3 completes measurement of a
set of pseudo spin pulses {SP,} before the temporary spin
measuring unit 3 restarts measurement of a set of pseudo
spin pulses {SP,}. Furthermore, the interaction implement-
ing unit 5 controls the amplitudes and phases of light
injected to all the pseudo spin pulses SP,, on the basis of the
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most recent computation of the interactions, after the inter-
action computing unit 4 completes computation of all the
interactions relating to all the pseudo spin pulses SP.,.

As explained above, since the time 1n which all the pseudo
spin pulses SP, “circulate once” 1n the ring resonator 2 1s
cllectively increased, the interaction computing unit 4 can
compute all the interactions relating to all the pseudo spin
pulses SP, on the basis of the most recent spin measurement
with a suflicient time margin. Specifically, the interaction
computing unmt 4 can compute all the interactions relating to
all the pseudo spin pulses SP, on the basis of the most recent
spin measurement with a suflicient time margin, while the
plurality of pseudo spin pulses SP, each pass L times the
position of the branch from the ring resonator 2 to the
temporary spin measuring unit 3.

The third procedure in the Ising model quantum compu-
tation method according to the present disclosure 1s 1llus-
trated 1n FIG. 4. In the third procedure, because 1000 Ising
sites exist, 1000 pseudo spin pulses SP, circularly propagate,
and 1000 dummy pulses, which do not correspond to the
number of Ising sites, circularly propagate. In addition, in
order to secure suilicient time for computing all the inter-
actions 1n the Ising model relating to all the pseudo spin
pulses SP,, the time for all the pseudo spin pulses SP, to
“circulate once” 1n the ring resonator 2 1s eflectively
increased. That 1s, the interaction computing umt 4 com-
putes all the interactions 1n the Ising model relating to all the
pseudo spin pulses SP, after the temporary spin measuring
unit 3 measures the phases of all the pseudo spin pulses SP,
before all the dummy pulses pass by the temporary spin
measuring unit 3 “once” and the interaction implementing
unit 5 controls the amplitudes and phases of light injected to
all the pseudo spin pulses SP,. Thus, a sufficient time margin
1s provided for computing the interactions.

Specifically, the temporary spin measuring unit 3 sus-
pends measurement aiter measurement of a set of the pseudo
spin pulses {SP,} is completed before measurement of a set
of the pseudo spin pulses {SP,} is restarted. The plurality of
dummy pulses circularly propagating in the ring resonator 2
cach pass once the position of the branch from the ring
resonator 2 to the temporary spin measuring unit 3 after the
temporary spin measuring unit 3 completes measurement of
a set of the pseudo spin pulses {SP,} before measurement of
a set of the pseudo spin pulses {SP,} is restarted. In addition,
while the plurality of dummy pulses circularly propagating
in the ring resonator 2 each pass once the position of the
branch from the ring resonator 2 to the temporary spin
measuring unit 3, the plurality of dummy pulses merely
sufler the gain by the degenerate optical parametric oscil-
lator 1 and losses due to output to the feedback loop.

Further, the interaction computing unmit 4 computes all the
interactions relating to all the pseudo spin pulses SP, on the
basis of the most recent spin measurement, after the tem-
porary spin measuring unit 3 completes measurement of a
set of pseudo spin pulses {SP,} before the temporary spin
measuring unit 3 restarts measurement of a set of pseudo
spin pulses {SP,}. Furthermore, the interaction implement-
ing unit 5 controls the amplitudes and phases of light
injected to all the pseudo spin pulses SP,, on the basis of the
most recent computation of the interactions, after the inter-
action computing unit 4 completes computation of all the
interactions relating to all the pseudo spin pulses SP.,.

As explained above, since the time 1n which all the pseudo
spin pulses SP, “circulate once” 1n the ring resonator 2 1s
ellectively increased, the interaction computing unit 4 can
compute all the interactions relating to all the pseudo spin
pulses SP, on the basis of the most recent spin measurement
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with a suflicient time margin. Specifically, the interaction
computing unit 4 can compute all interactions relating to all
the pseudo spin pulses SP, on the basis of the most recent
spin measurement with a suflicient time margin, while the
plurality of dummy pulses each pass once the position of the
branch from the ring resonator 2 to the temporary spin
measuring unit 3.

In addition, although the dummy pulses are not used 1n
quantum computation, and needs a long ring resonator 2 or
small pulse interval, the dummy pulses are available in other
uses such as the top mark 1n the circulation and stabilization
of the resonator. The stabilization of a phase characteristic of
the Ising model quantum computation device according to
the present disclosure 1s 1llustrated in FIG. 5.

The resonance length of the ring resonator 2 can vary with
time 1n correspondence with vanations, with time, in the
installation environment (e.g., the temperature) of the Ising
model quantum computation device Q. Therefore, 1f the
resonance length of the ring resonator 2 cannot be stabilized
to a constant value, it 15 1mpossible to stabilize the ampli-
fication intensity in a phase sensitive amplifier 10 in the
degenerate optical parametric oscillator 1, the timings of
interference with the local oscillation light 1n the temporary
spin measuring unit 3, and the timings of interference with
injection pulses in the interaction implementing unit 5, every
time the plurality of pseudo spin pulses circularly propagate
in the ring resonator 2 once or more times. In addition, 1t 1s
impossible to precisely perform pulse stabilization 1n the
phase sensitive amplifier 10 1n the degenerate optical para-
metric oscillator 1, pulse phase measurement in the tempo-
rary spin measuring unit 3, and interaction implementation
in the interaction implementing unit 5, and greatly improve
the precision ol computations in the Ising model quantum
computation device Q.

Therefore, calibration of the phase characteristic of the
Ising model quantum computation device Q 1s performed as
illustrated 1n FIG. 5. At this time, it 1s dithicult in 1mple-
mentation to use, as a reference signal for use 1n calibration
of the phase characteristic, the plurality of pseudo spin
pulses having an oscillation phase of which the optimum
solution 1s unknown and an oscillation intensity which
varies with time during computation. However, 1t 1s conve-
nient 1n implementation to use, as a reference signal for use
in calibration of the phase characteristic, the plurality of
dummy pulses having a predetermined oscillation phase and
predetermined oscillation intensity.

Specifically, the degenerate optical parametric oscillator 1
controls the oscillation phases and the oscillation 1intensities
of the plurality of dummy pulses to a predetermined phase
and a predetermined intensity, respectively. The Ising model
quantum computation device Q uses the plurality of dummy
pulses as a reference signal, and performs calibration of the
phase characteristic of the quantum computation device Q.
For this purpose, the Ising model quantum computation
device Q 1s provided with the ring-resonance-length control
umt 7, the local-oscillation-light control unit 8, and the
injection-pulse control unit 9 as illustrated 1n FIG. 5, 1n
addition to the configuration illustrated in FIG. 1.

The ring-resonance-length control unit 7 includes a light
measuring unit 71, a feedback control unit 72, and a phase
control unit 73. The plurality of dummy pulses and the
plurality of pseudo spin pulses are inputted into the ring-
resonance-length control unit 7 through a phase measure-
ment position on the ring resonator 2 and the position of the
branch to the local-oscillation-light control umt 8. If the
resonance length of the ring resonator 2 does not vary with
time, the amplification intensity in the phase sensitive ampli-
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fier 10 1n the degenerate optical parametric oscillator 1 1s
stabilized, so that the oscillation intensities of the plurality
of dummy pulses are maximized to a predetermined inten-
sity. However, when the resonance length of the ring reso-
nator 2 varies with time, the amplification mtensity in the
phase sensitive amplifier 10 1n the degenerate optical para-
metric oscillator 1 1s not stabilized, so that the oscillation
intensities of the plurality of dummy pulses are not maxi-
mized to the predetermined intensity.

The light measuring umt 71 measures the oscillation
intensities of the plurality of dummy pulses. The phase
control unit 73 controls the resonance length of the ring
resonator 2. The feedback control unit 72 performs feedback
control of the phase control unit 73 such that the oscillation
intensities measured by the light measuring unit 71 are

maximized to the predetermined intensity. The feedback
control unit 72 may utilize the PDH (Pound-Drever-Hall)
technique, the FM (Frequency Modulation) sideband tech-
nique, or the like as a technique for stabilizing the laser
oscillation frequency.

The local oscillation light control unit 8 includes a light
measuring umt 81, a feedback control unit 82, and a phase
control unit 83. The plurality of dummy pulses and the
plurality of pseudo spin pulses are inputted 1nto the local-
oscillation-light control unit 8 through the phase measure-
ment position on the ring resonator 2 and the position of the
branch to the ring-resonance-length control unit 7. In the
phase control unit 83, the local oscillation light 1s inputted
into the local-oscillation-light control unit 8.

The light measuring umt 81 outputs a result of interfer-
ence between the plurality of dummy pulses and the local
oscillation light which the temporary spin measuring unit 3
uses for measurement of the phases of the plurality of
pseudo spin pulses. The phase control unit 83 controls the
timings of interference between the plurality of pseudo spin
pulses and the local oscillation light which the temporary
spin measuring unmt 3 uses for measurement of the phases of
the plurality of pseudo spin pulses. The feedback control
unit 82 performs feedback control of the phase control unit
83 such that the result of the interference outputted from the
light measuring unit 81 becomes a predetermined 1nterfer-
ence result which 1s expected from a predetermined oscil-
lation phase of the plurality of dummy pulses. The light
measuring unmt 81, the phase control unit 83, and the joiming
position mdicated 1 FIG. 5 can be used 1n common by the
temporary spin measuring unit 3 and the local-oscillation-
light control unit 8.

The injection-pulse control unit 9 includes a light mea-
suring unit 91, a feedback control unit 92, and a phase
control unmt 93. The plurality of dummy 1njection pulses and
the plurality of spin injection pulses are iputted into the
injection-pulse control unit 9 1n the phase control unit 93.
The plurality of dummy 1njection pulses are pulses having a
predetermined oscillation phase which the interaction imple-
menting unit 5 uses for light injection to the plurality of
dummy pulses. In addition, the plurality of spin injection
pulses are pulses having an oscillation phase 1n which
interactions are considered and which the interaction imple-
menting unit 5 uses for light injection to the plurality of
pseudo spin pulses.

At the light injection position on the ring resonator 2, the
plurality of dummy pulses and the plurality of pseudo spin
pulses circularly propagating in the ring resonator 2 are
combined with the plurality of dummy 1njection pulses and
the plurality of spin injection pulses which are outputted
from the phase control unit 93. The plurality of pulses
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combined at the light injection position on the ring resonator
2 are branched toward the ring resonator 2 and the light
measuring unit 91.

The light measuring unit 91 outputs a result of interfer-
ence between the plurality of dummy pulses and the plural-
ity of dummy 1injection pulses having the predetermined
oscillation phase which the interaction implementing unit 5
uses for light injection to the plurality of dummy pulses. The
phase control umt 93 controls the timings of interference
between the plurality of pseudo spin pulses and the plurality
of spin i1njection pulses having the oscillation phase which
the mteraction implementing unit 5 uses for light 1njection to
the plurality of pseudo spin pulses and 1n which interactions
are considered. The feedback control umt 92 periforms
teedback control of the phase control unit 93 such that the
result of the interference outputted from the light measuring
unit 91 becomes a predetermined 1nterference result which
1s expected from the predetermined oscillation phase of the
plurality of dummy pulses. The phase control unit 93 and the
light-injection position on the ring resonator 2 can be used
in common by the interaction implementing unit 5 and the
injection-pulse control unit 9.

The {following particulars should be noted when the
calibration of the phase characteristic of the Ising model
quantum computation device Q 1s performed.

(1) The calibration by the ring-resonance-length control
umt 7, the local-oscillation-light control unit 8, and the
injection-pulse control unit 9 may be performed 1n parallel.

(2) The calibration by the local-oscillation-light control
unit 8 and the imjection-pulse control unit 9 may be per-
formed in parallel after the calibration by the ring-reso-
nance-length control unit 7 1s completed.

(3) In the case where the speed of the operation of the
calibration 1s low, the calibration may be performed every
time the plurality of pseudo spin pulses circularly propagate
in the ring resonator 2 multiple times.

(4) In the case where the speed of the operation of the
calibration 1s high, the calibration may be performed every
time the plurality of pseudo spin pulses circularly propagate
in the ring resonator 2 once.

(5) The calibration and the Ising model computations may
be performed 1n parallel.

(6) The Ising model computation may be performed after
completing the calibration.

(7) It 1s desirable that the ring-resonance-length control
unmt 7, the local-oscillation-light control unit 8, and 1njec-
tion-pulse control unit 9 grasp the boundaries between the
plurality of dummy pulses and the plurality of pseudo spin
pulses and the numbers of the plurality of dummy pulses and
the plurality of pseudo spin pulses.

Even in the case where the resonance length of the ring
resonator 2 varies with time 1n correspondence with the
variations, with time, in the installation environment (e.g.,
temperature) of the Ising model quantum computation
device Q, the resonance length of the ring resonator 2 can be
stabilized to a constant value. Therefore, it 1s possible to
stabilize the amplification intensity in the phase sensitive
amplifier 10 1n the degenerate optical parametric oscillator 1,
the timings of interference with the local oscillation light in
the temporary spin measuring unit 3, and the timings of
interference with the imjection pulses in the interaction
implementing umt 5, every time the plurality of pseudo spin
pulses circularly propagate 1n the ring resonator 2 once or
more times. In addition, 1t 1s possible to precisely perform
pulse stabilization in the phase sensitive amplifier 10 in the
degenerate optical parametric oscillator 1, pulse phase mea-
surement 1 the temporary spin measuring unit 3, and
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interaction implementation 1n the interaction implementing
unit 5, and thus greatly improve the precision of the com-
putations in the Ising model quantum computation device Q.

Hereinbelow, the time development and a computation
result of the quantum computation in the second procedure
are indicated. As a prerequisite, the one-body and three-body
interactions are not considered, and only the two-body
interactions are considered. Thus, an Ising Hamiltonian as
indicated by Numerical Expression 7 and rate equations as
Numerical Expressions 8 and 9 are assumed.

|[Numerical Expression 7]

M
——Z JHD'ED'J;

1, =1

M [Numerical Expression 8]
EC = (-1 +p—(c +52))c +Zl:§1jcj

=
g M [Numerical Expression 9]
=i =(—1—-p—(cr +s5)s; +Z:‘§U j

=

It can be understood from Numerical Expressions 8 and 9
that the coupling coeflicient € and the pump rate p as well
as the number L of round trips of the feedback delay
determine whether the operation of the entire Ising model
quantum computation device (Q becomes unstable and
whether or not incorrect answers become unlikely to occur.
(Method for Compensating Coupling Coeflicient & by Feed-
back Delay of L. Round Trips)

The imjection intensity to the pseudo spin pulses SP, 1s
cllectively smaller in the case where the spin measurement
and the interaction implementation are suspended than in the
case where the spin measurement and the mteraction imple-
mentation are not suspended. That 1s, the coupling coetli-
cient € in the second procedure is effectively 1/(L+1) of the
coupling coeflicient € in the first procedure. In addition, the
coupling coeflicient € in the third procedure (where the
number of pseudo spin pulses 1s equal to the number of
dummy pulses) 1s effectively 12 (=1/(1+1)) of the coupling
coeflicient € 1n the first procedure.

Therefore, 1t 1s considered to maintain the balance of the
injection intensity and the pump gain to the pseudo spin
pulses SP, even in the case where the spin measurement and
the 1nteraction 1mplementat10n are suspended as well as 1n
the case where the spin measurement and the interaction
implementation are not suspended, by increasing the injec-
tion 1ntensity to the pseudo spin pulses SP, with increase in
the duration of the suspension of the spin measurement and
the interaction implementation. For example, 1n the second
procedure, a new Coupling coellicient 1s determined to be
E,'—(L+1)E, In addition, in the third procedure, a new cou-
pling coeflicient is determined to be &'=(1+1)E=2E.

The time evolutions of quantum computations on a ran-
dom graph 1n the case where the coupling coeflicient € in the
second procedure 1s not compensated by the feedback delay
of L round trips and in the case where the coupling coetl-
cient & in the second procedure is compensated by the
teedback delay of L round trips are respectively illustrated
in FIGS. 6 and 7. In addition, computation results of
quantum computations on a random graph 1n the case where
the coupling coeflicient £ in the second procedure is not
compensated by the feedback delay of L round trips and 1n
the case where the coupling coeflicient & in the second
procedure 1s compensated by the feedback delay of L round
trips are illustrated to FIG. 8.
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In the random graph for the cases of FIGS. 6 to 8, the
number of the vertices 1s 800, and the average degree <k>
1s 47.94, and the distribution of degrees 1s a binomial

distribution.
In FIG. 6 and the plots with the filled triangles in the upper
half of FIG. 8, the pump rate 1s p=1.1, the coupling coefli-

cient 1s &' E,——O‘O6/\/ <k>=-0.009, and the coupling coetli-
cient € 1s not compensated by the feedback delay of L. round
trips. The factor V<k> is explained later by using FIG. 8.
In the case of FIG. 6, although the precision in the
quantum computation monotonously decreases with
increase 1n the feedback delay of L round trips, no oscillation

behavior 1s seen in the I-component c..
In FIG. 7 and the plots with the ﬁlled circles 1n the upper

half of FIG. 8, the pump rate 1s p=1.1, the coupling coeili-
cient is &' (L+1)E——0.06(L+l)/\/ <k>= —0.009(L+1),, and the
coupling coeflicient € is compensated by the feedback delay
of L round trips.

In the case of FIG. 7, with the feedback delay of zero or
one round trip, no oscillation behavior 1n the I-component c,
1s seen, and the precision of the quantum computation is
high. With the feedback delay of two or three round trips,
although some oscillation behavior 1s seen in the I-compo-
nent ¢, the I-component ¢, does not oscillate between
positive and negative values, and the precision of the quan-
tum computation 1s maintained.

In the case of FIG. 7, with the feedback delay of four or
five round trips, an oscillation behavior 1s seen in the
[-component ¢, the I-component c, oscillates between posi-
tive and negative values, and the precision of the quantum
computation 1s lowered. The reason for the above 1s con-
sidered that the coupling coeflicient &'=(L+1)E is too large
even when the feedback delay of L round trips 1s taken into
consideration.

A case in which the coupling coeflicient € is normalized
by V<k> is indicated in the upper half of FIG. 8, and a case
in which the coupling coeflicient & is not normalized by
v<k> is indicated in the lower half of FIG. 8. It can be read
that the oscillation of the I-component ¢, between positive
and negative values with the feedback delay of four or five
round trips or more 1s more intense 1n the case where the
coupling coefficient £ is not normalized by vV<k> than in the
case where the coupling coeflicient € is normalized by vV<k>.

As explained above, since the oscillation between o==x1
of the Ising spins having high degrees in graph representa-
tion 1s prevented by reducing the injection intensity to the
pseudo spin pulses SP1 having high degrees in graph rep-
resentation, the operation of the entire Ising model quantum
computation device () does not become unstable, and 1ncor-
rect answers are less likely to occur. Although the coupling
coefficient € is normalized by V<k> in FIGS. 6 to 8, the
coupling coeflicient & may be simply normalized by <k> in
a variation.

The time developments of quantum computations on a
scale-free graph in the case where the coupling coeflicient €
in the second procedure 1s not compensated by the feedback
delay of L round trips and in the case where the coupling
coeflicient € in the second procedure is compensated by the
teedback delay of L round trips are respectively indicated 1n
FIGS. 9 and 10. In addition, computation results ol quantum
computations on a scale-free graph in the case where the
coupling coeflicient € in the second procedure is not com-
pensated by the feedback delay of L round trips and 1n the
case where the coupling coeflicient € in the second proce-
dure 1s compensated by the feedback delay of L round trips
are illustrated 1n FIG. 11.
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In the scale-free graph for the cases of FIGS. 9 to 11, the
number of the vertices 1s 800, and the average degree <k>
1s 11.735, and the distribution of degrees 1s a power-law

distribution.

In FIG. 9 and the plots with the filled triangles in the upper
half of FIG. 11, the pump rate 1s p=1.1, the coupling
coeflicient is &'=£=-0.06/V<k>=-0.018, and the coupling
coeflicient € is not compensated by the feedback delay of L
round trips. The factor V<k>is explained later by using FIG.
11.

In the case of FIG. 9, although the precision in the
quantum computation monotonously decreases with
increase 1n the feedback delay of L round trips, no oscillation
behavior 1s seen 1n the I-component c..

In FIG. 10 and the plots with the filled circles 1n the upper

half of FIG. 11, the pump rate 1s p=1.1, the coupling
coefficient is E'=(L+1)E=-0.06(L+1)/V<k>=-0.018(L+1),
and the coupling coeflicient € is compensated by the feed-
back delay of L round trips.

In the case of FIG. 10, with the feedback delay of zero or
one round trip, no oscillation behavior 1n the I-component c,
1s seen, and the precision of the quantum computation is
high. With the feedback delay of two to five round trips,
although some oscillation behavior 1s seen in the I-compo-
nent ¢, the I-component ¢, does not oscillate between
positive and negative values, and the precision of the quan-
tum computation 1s maintained.

In the case of FIG. 10, unlike the case of FIG. 7, with the
teedback delay of four or five round trips, although an
oscillation behavior 1s seen in the I-component c, the
I-component ¢, does not oscillate between positive and
negative values, and the precision of the quantum compu-
tation 1s maintained. In the case of FIG. 10, in comparison
with the case of FIG. 7, the reason for the above 1is
considered that the imjection intensity 1s small because the
average degree <k> 1s small.

A case in which the coupling coefficient € is normalized
by vV<k> is indicated in the upper half of FIG. 11, and a case
in which the coupling coeflicient € is not normalized by
v<k> is indicated in the lower half of FIG. 11. It can be read
that even with the feedback delay of four or five round trips
or more, the oscillation of the I-component ¢, between
positive and negative values 1s not intense even 1n the case
where the coupling coeflicient € is not normalized by v<k>
as well as in the case where the coupling coefficient € is
normalized by v<k>.

However, since the oscillation between o==1 of the Ising
spins having high degrees in graph representation 1s pre-
vented by reducing the injection intensity to the pseudo spin
pulses SP1 having high degrees 1n graph representation, the
operation of the entire Ising model quantum computation
device Q does not become unstable, and 1incorrect answers
are less likely to occur. Although the coupling coeflicient &
is normalized by v<k> in FIGS. 9 to 11, the coupling
coeflicient € may be simply normalized by <k> in a varia-
tion.

The time developments of quantum computations on a
complete graph in the case where the coupling coeflicient &
in the second procedure 1s not compensated by the feedback
delay of L round trips and in the case where the coupling
coeflicient € in the second procedure is compensated by the
teedback delay of L round trips are respectively indicated 1n
FIGS. 12 and 13. In addition, computation results of quan-
tum computations on a complete graph 1n the case where the
coupling coeflicient € in the second procedure is not com-
pensated by the feedback delay of L round trips and 1n the
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case where the coupling coeflicient € in the second proce-
dure 1s compensated by the feedback delay of L round trips
are illustrated 1n FIG. 14.

In the complete graph for the cases of FIGS. 12 to 14, the
number of the vertices 1s 800, and the average degree <k>

1s 799, and the distribution of degrees 1s a uniform distri-
bution.

In FIG. 12 and the plots with the filled triangles 1n the
upper half of FIG. 14, the pump rate 1s p=1.1, the coupling
coefficient is E'=£=-0.06/V<k>=-0.002, and the coupling
coeflicient € is not compensated by the feedback delay of L
round trips. The factor V<k> is explained later by using FIG.
14.

In the case of FIG. 12, although the precision 1n the
quantum computation monotonously decreases with
increase 1n the feedback delay of L round trips, no oscillation
behavior 1s seen 1n the I-component c..

In FIG. 13 and the plots with the filled circles in the upper
half of FIG. 14, the pump rate 1s p=1.1, the coupling
coefficient is E=(L+1)E=-0.06(L+1)/V<k>=-0.002(L+1),
and the coupling coeflicient € 1s compensated by the feed-
back delay of L round trips.

In the case of FIG. 13, with the feedback delay of zero or
one round trip, no oscillation behavior 1n the I-component c,
1s seen, and the precision of the quantum computation 1s
high. With the feedback delay of two to five round trips,
although some oscillation behavior 1s seen 1n the I-compo-
nent c, the I-component ¢, does not oscillate between
positive and negative values, and the precision of the quan-
tum computation 1s maintained.

In the case of FIG. 13, unlike the case of FIG. 7, with the
feedback delay of four or five round trips, although an
oscillation behavior 1s seen in the I-component c, the
I-component ¢, does not oscillate between positive and
negative values, and the precision of the quantum compu-
tation 1s maintained. In the case of FIG. 13, 1n comparison
with the case of FIG. 7, the reason for the above is
considered that the coupling coefficient €' 1s small because
the average degree <k> 1s great.

A case 1n which the coupling coeflicient € is normalized
by V<k> is indicated in the upper half of FIG. 14, and a case
in which the coupling coeflicient & is not normalized by
v<k> is indicated in the lower half of FIG. 14. It can be read
that with the feedback delay of four or five round trips or
more, the oscillation of the I-component ¢, between positive
and negative values 1s more intense in the case where the
coupling coeflicient £ is not normalized by V<k> than in the
case where the coupling coeflicient € is normalized by vV<k>>.

Thus, since the oscillation between o=x1 of the Ising
spins having high degrees in graph representation 1s pre-
vented by reducing the injection intensity to the pseudo spin
pulses SP1 having high degrees 1n graph representation, the
operation of the entire Ising model quantum computation
device Q does not become unstable, and incorrect answers
are less likely to occur. Although the coupling coefficient
is normalized by vV<k> in FIGS. 12 to 14, the coupling
coeflicient € may be simply normalized by <k> in a varia-
tion.

(Method for Compensating Pump Rate p by Feedback Delay
of L Round Trips)

The 1njection intensity to the pseudo spin pulses SP, 1s
cllectively smaller in the case where the spin measurement
and the interaction implementation are suspended than in the
case where the spin measurement and the mteraction imple-
mentation are not suspended. That 1s, the coupling coetli-
cient € in the second procedure is effectively 1/(L+1) of the
coupling coeflicient € in the first procedure. In addition, the
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coupling coeflicient € in the third procedure (where the
number of pseudo spin pulses 1s equal to the number of
dummy pulses) 1s effectively 12 (=1/(1+1)) of the coupling
coeflicient € 1n the first procedure.

Theretore, 1t 1s considered to maintain the balance of the
injection intensity and the pump gain to the pseudo spin
pulses SP, even 1n the case where the spin measurement and
the 1nteraction implementation are suspended as well as in
the case where the spin measurement and the interaction
implementation are not suspended, by decreasing the pump
gain to the pseudo spin pulses SP, with increase in the
duration of the suspension of the spin measurement and the
interaction 1mplementation. For example, in the second
procedure, anew pump rate 1s determined to be p'=p/(L+1),
and a new computation time 1s (L+1) times increased since
the pump rate 1s decreased. In addition, 1n the third proce-
dure, a new pump rate 1s determined to be p'=p/(1+1)=p/2,
and a new computation time 1s doubled ((1+1) times
increased) since the pump rate 1s decreased.

A computation result of a quantum computation on a
random graph in the case where the pump rate p in the
second procedure 1s compensated by the feedback delay of
L round trips 1s illustrated to FIG. 15. In the random graph
tor the case of FIG. 15, similar to the random graph for the
cases of FIGS. 6 to 8, the number of the vertices 1s 800, the
average degree <k>1s 47.94, and the distribution of degrees
1s a binomial distribution.

The pump rate 1s p'=p/(L+1), and the coupling coellicient
is E'=E=-0.06/V<k>=-0.009. The pump rate p is compen-
sated by the feedback delay of L round trips, and the
computation time 1n FIG. 15 1s (L+1) times the computation
time 1n FIGS. 6 to 8.

In the case where the pump rate 1s p=0.3, the precision of
the quantum computation is high with the feedback delay of
0 to 2 round trips, drops hard with the feedback delay of 2
to 4 round trips, and 1s poor with the feedback delay of 4 to
10 round trips. In the case where the pump rate 1s p=0.3, the
precision of the quantum computation 1s high with the
teedback delay of O to 8 round trips, and drops hard with the
teedback delay of 8 to 10 round trips. In the case where the
pump rate 1s p=0.7, the precision of the quantum computa-
tion 1s high with the feedback delay of 0 to 10 round trips.
In the case where the pump rate 1s p=0.9 or 1.1, the precision
of the quantum computation monotonously decreases with
increase in the feedback delay. Thus, the pump rates around
the values of 0.5 and 0.7 can be considered to be optimum
values for the pump rate p.

A computation result of a quantum computation on a
scale-free graph in the case where the pump rate p 1n the
second procedure 1s compensated by the feedback delay of
L round trips 1s illustrated in FI1G. 16. In the scale-iree graph
tor the case of FI1G. 16, similar to the scale-free graph for the
cases of FIGS. 9 to 11, the number of the vertices 1s 800, and
the average degree <k> 1s 11.735, and the distribution of
degrees 1s a power-law distribution.

The pump rate 1s p'=p/(L+1), and the coupling coellicient
is E'=E£=-0.06/V<k>=-0.018. The pump rate p is compen-
sated by the feedback delay of L round trips, and the
computation time 1n FIG. 16 1s (L+1) times the computation
time 1n FIGS. 9 to 11.

In the case where the pump rate 1s p=0.3, the precision of
the quantum computation monotonously decreases with
increase 1n the feedback delay. In the case where the pump
rate 1s p=0.5, with the feedback delay of O to 10 round trips,
the precision of the quantum computation 1s high although
a slight monotonous decrease 1n the quantum computation
exists. In the case where the pump rate 1s p=0.7, the
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precision of the quantum computation i1s high with the
teedback delay of O to 10 round trips. In the case where the
pump rate 1s p=0.9 or 1.1, the precision of the quantum
computation monotonously decreases with increase in the
teedback delay. Thus, the pump rates around the values of
0.5 and 0.7 can be considered to be optimum values for the
pump rate p.

A computation result of a quantum computation on a
complete graph in the case where the pump rate p in the
second procedure 1s compensated by the feedback delay of
L round trips 1s illustrated 1n FIG. 17. In the complete graph
for the case of FI1G. 17, similar to the complete graph for the
cases of FIGS. 12 to 14, the number of the vertices 1s 800,
the average degree <k> 1s 799, and the distribution of
degrees 1s a uniform distribution.

The pump rate 1s p'=p/(L+1), and the coupling coeflicient
is &'=E=-0.06/V<k>=-0.002. The pump rate p is compen-
sated by the feedback delay of L round trips, and the
computation time 1n FIG. 17 1s (L+1) times the computation
time 1 FIGS. 12 to 14.

In the case where the pump rate 1s p=0.3, the precision of
the quantum computation is high with the feedback delay of
0 to 3 round trips, drops hard with the feedback delay of 3
to 4 round trips, and 1s poor with the feedback delay of 4 to
10 round trips. In the case where the pump rate 1s p=0.3, the
precision of the quantum computation i1s high with the
teedback delay of 0 to 9 round trips, and drops hard with the
teedback delay of 9 to 10 round trips. In the case where the
pump rate 1s p=0.7, the precision of the quantum computa-
tion 1s high with the feedback delay of O to 10 round trips.
In the case where the pump rate 1s p=0.9 or 1.1, the precision
of the quantum computation monotonously decreases with
increase in the feedback delay. Thus, the pump rates around
the values of 0.5 and 0.7 can be considered to be optimum
values for the pump rate p.

(Method for Setting Coupling Coeflicient € and Pump Rate
P)

In the cases of FIGS. 6 to 14, the coupling coeflicient € is
compensated by the feedback delay of L round trips, and the
pump rate p 1s fixed regardless of the feedback delay of L
round trips. In the cases of FIGS. 15 to 17, the pump rate p
1s compensated by the feedback delay of L round trips, and
the coupling coeflicient € is fixed regardless of the feedback
delay of L round trips. In the following, a method for setting
the coupling coefficient & and the pump rate p before
compensating by the feedback delay of L round trips is
explained.

A computation result of a quantum computation on a
random graph in the case where the coupling coeflicient &
and the pump rate p 1n the second procedure are variable 1s
illustrated in FIG. 18. In the random graph for the case of
FIG. 18, similar to the random graph for the cases of FIGS.
6 to 8 and 15, the number of the vertices 1s 800, the average
degree <k> 1s 47.94, and the distribution of degrees 1s a
binomial distribution. The coupling coeflicient € in FIG. 18
is the value before being normalized by vV<k>.

The ranges of the coupling coeflicient € and the pump rate
p which give high precision in the quantum computation
become greater when the feedback delay decreases, and
become smaller (the ranges in vicinities of 1E|~0.04 and
p~0.55) when the feedback delay increases.

A computation result of a quantum computation on a
scale-free graph in the case where the coupling coeflicient €
and the pump rate p 1n the second procedure are variable 1s
illustrated 1in FIG. 19. In the scale-free graph i FIG. 19,
similar to the scale-free graph for the cases of FIGS. 9 to 11
and 16, the number of the vertices 1s 800, the average degree
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<k>1s 11.735, and the distribution of degrees 1s a power-law
distribution. The coupling coefficient & in FIG. 19 is the
value before being normalized by v<k>.

The ranges of the coupling coeflicient € and the pump rate
p which give high precision in the quantum computation
become greater when the feedback delay decreases, and
become smaller (the ranges in vicinities of [E]~0.09 and
p~0.60) when the feedback delay increases.

In the case where the Ising model corresponding to an
NP-complete problem which 1s desired to be solved 1s
similar to the random graph or the scale-free graph 1n FIG.
18 or 19, the ranges of the coupling coeflicient € and the
pump rate p which give high precision i the quantum
computation 1n FIG. 18 or 19 can be adopted.

Further, in the case where the number of the sites in the
graph similar to the Ising model corresponding to the
NP-complete problem which 1s desired to be solved 1s small,
it 1s suflicient for the feedback delay to be small, and the
ranges of the coupling coeflicient € and the pump rate p
which give high precision in the quantum computation can
be easily searched for without exactly solving a combina-
tional optimization problem (of the coupling coefficient &
and the pump rate p).

However, 1n the case where the number of the sites in the
graph similar to the Ising model corresponding to the
NP-complete problem which 1s desired to be solved 1s large,
a long time of the feedback delay 1s needed, and 1t is
necessary to exactly solve a combinational optimization
problem (of the coupling coeflicient € and the pump rate p)
for obtaining the ranges of the coupling coeflicient € and the
pump rate p which give high precision in the quantum
computation. That 1s, such ranges cannot be easily searched
for.

Therefore, 1n either of the cases where the number of the
sites 1s small and large in the graph similar to the Ising model
corresponding to the NP-complete problem which 1s desired
to be solved, the following operations are performed. First,
the ranges of the coupling coeflicient € and the pump rate p
which give high precision 1n the quantum computation in the
case¢ where the feedback delay 1s zero round trips are
adopted. Next, as indicated imn FIGS. 6 to 14, the coupling
coeflicient &€ is compensated by the feedback delay of L
round trips, and the pump rate p 1s fixed regardless of the
teedback delay of L round trips, or as indicated 1n FIGS. 135
to 17, the pump rate p 1s compensated by the feedback delay
of L round trips, and the coupling coeflicient &€ is fixed
regardless of the feedback delay of L round trips.

INDUSTRIAL APPLICABILITY

The Ising model quantum computation device according
to the present disclosure 1s suitable for fast and easily
solving an NP-complete problem or the like mapped to an
Ising model, and stabilizes the operation of the entire system
and lowers the possibility of occurrence of an incorrect
answer even 1n the case where the number of Ising sites 1s
large.

LIST OF REFERENCE SIGNS

Q: Ising model quantum computation device
SP1, SP2, SP3, SP4: Pseudo spin pulses
L.O: Local oscillation pulse

1: Degenerate optical parametric oscillator
2: Ring resonator

3: Temporary spin measuring unit

4: Interaction computing unit
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5: Interaction implementing unit

6: Pseudo spin measuring unit

7. Ring-resonance-length control unit
8: Local-oscillation-light control unit
9: Injection-pulse control unit

10: Phase sensitive amplifier

71, 81, 91: Light measuring unit

72, 82, 92: Feedback control unit

73, 83, 93: Phase control unit

pin measuring step.

What 1s claimed 1s:

1. An Ising model quantum computation device compris-

ng:

a degenerate optical parametric oscillator which causes
degenerate optical parametric oscillation of a plurality
of pseudo spin pulses corresponding to a plurality of
spins 1n the Ising model 1n a pseudo manner and having,
an 1dentical oscillation frequency;

a ring resonator which circularly propagates the plurality
of pseudo spin pulses;

a temporary spin measuring unit which temporarily mea-
sures pseudo spins of the plurality of pseudo spin
pulses by temporarily measuring phases of the plurality
of pseudo spin pulses every time the plurality of pseudo
spin pulses circularly propagate 1n the ring resonator,
and suspends measurement after one set of measure-
ment 1s completed before another set of measurement 1s
restarted;

an nteraction computing unit which temporarily com-
putes all interactions relating to the plurality of pseudo
spin pulses, on the basis of the coupling coetlicients of
the Ising model and the pseudo spins of the plurality of
pseudo spin pulses which the temporary spin measur-
ing unit has most recently measured, after the tempo-
rary spin measuring unit completes one set of measure-
ment before the temporary spin measuring unit restarts
another set of measurement;

an 1nteraction implementing unit which temporarily
implements magnitudes and signs of all the interactions
relating to the plurality of pseudo spin pulses which the
interaction computing unit has most recently computed,
by controlling amplitudes and phases of light injected
to the plurality of pseudo spin pulses, after the inter-
action computing unit completes a temporary compu-
tation of all the interactions relating to the plurality of
pseudo spin pulses; and

a pseudo spin measuring unit which measures the pseudo
spins of the plurality of pseudo spin pulses by measur-
ing the phases of the plurality of pseudo spin pulses
after the plurality of pseudo spin pulses reach a steady
state while a feedback loop constituted by the tempo-
rary spin measuring unit, the interaction computing
unit, and the interaction implementing unit 1s repeated.

2. The Ising model quantum computation device accord-

ing to claim 1, wherein the ring resonator circularly propa-
gates the plurality of successive pseudo spin pulses, which
correspond to the plurality of spins in the Ising model 1n a
pseudo manner; and

the plurality of pseudo spin pulses circularly propagating
in the ring resonator each pass once or more times a
position of a branch from the ring resonator to the
temporary spin measuring unit, after the temporary spin
measuring unit completes one set of measurement
before the temporary spin measuring umt restarts
another set ol measurement.

3. The Ising model quantum computation device accord-

ing to claim 2, wherein the interaction implementing unit
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controls the amplitudes of the light injected to the plurality
of pseudo spin pulses to be greater, when an interval from a
time at which the temporary spin measuring unit completes
one set of measurement to a time at which the temporary
spin measuring unit restarts another set of measurement 1s
longer.

4. The Ising model quantum computation device accord-
ing to claim 2, wherein the degenerate optical parametric
oscillator controls a pump rate 1n degenerate optical para-
metric oscillation of the plurality of pseudo spin pulses to be
smaller, when an interval from a time at which the temporary
spin measuring unit completes one set of measurement to a
time at which the temporary spin measuring unit restarts
another set of measurement 1s longer.

5. The Ising model quantum computation device accord-
ing to claim 2, wherein the interaction implementing unit
controls the amplitudes of the light injected to the plurality
of pseudo spin pulses to be smaller, when an average degree
in graph representation of the Ising model 1s higher.

6. The Ising model quantum computation device accord-
ing to claim 1, wherein the ring resonator circularly propa-
gates the plurality of successive pseudo spin pulses which
correspond to the plurality of spins in the Ising model 1n a
pseudo manner, and a plurality of successive dummy pulses
which do not correspond to the plurality of spins in the Ising
model; and

the plurality of dummy pulses circularly propagating 1n

the ring resonator each pass once a position of a branch
from the ring resonator to the temporary spin measur-
ing unit, after the temporary spin measuring unit coms-
pletes one set of measurement before the temporary
spin measuring unit restarts another set ol measure-
ment.

7. The Ising model quantum computation device accord-
ing to claim 6, wherein the degenerate optical parametric
oscillator controls oscillation phases and oscillation inten-
sities of the plurality of dummy pulses to a predetermined
phase and a predetermined intensity, respectively; and

the Ising model quantum computation device performs

calibration of a phase characteristic of the quantum
computation device by using the plurality of dummy
pulses as a reference signal.

8. The Ising model quantum computation device accord-
ing to claim 7, further comprising a ring-resonance-length
control unit which controls a resonance length of the ring
resonator such that the oscillation intensities of the plurality
of dummy pulses are maximized to a predetermined inten-
s1ty.

9. The Ising model quantum computation device accord-
ing to claim 8, further comprising a local-oscillation-light
control unit controlling interference timings between the
plurality of pseudo spin pulses and local oscillation light
which the temporary spin measuring unit uses for measure-
ment of the phases of the plurality of pseudo spin pulses,
such that a result of interference between the plurality of
dummy pulses and the local oscillation light which the
temporary spin measuring unit uses for measurement of the
phases of the plurality of pseudo spin pulses becomes a
predetermined interference result which 1s expected from a
predetermined oscillation phase of the plurality of dummy
pulses.

10. The Ising model quantum computation device accord-
ing to claim 9, further comprising an 1njection-pulse control
unit controlling interference timings between the plurality of
pseudo spin pulses and a plurality of spin injection pulses
having oscillation phases with consideration of interactions
used by the interaction implementing unit for light injection
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to the plurality of pseudo spin pulses, such that a result of
interference between the plurality of dummy pulses and a
plurality of dummy 1njection pulses having a predetermined
oscillation phase used by the interaction implementing unit
for light 1njection to the plurality of dummy pulses becomes
a predetermined interference result which 1s expected from
a predetermined oscillation phase of the plurality of dummy
pulses.

11. The Ising model quantum computation device accord-
ing to claim 8, further comprising an 1njection-pulse control
unit controlling interference timings between the plurality of
pseudo spin pulses and a plurality of spin injection pulses
having oscillation phases with consideration of interactions
used by the interaction implementing unit for light 1njection
to the plurality of pseudo spin pulses, such that a result of
interference between the plurality of dummy pulses and a
plurality of dummy 1njection pulses having a predetermined
oscillation phase used by the interaction implementing unit
for light 1njection to the plurality of dummy pulses becomes
a predetermined interference result which 1s expected from
a predetermined oscillation phase of the plurality of dummy
pulses.

12. The Ising model quantum computation device accord-
ing to claam 7, further comprising a local-oscillation-light
control umit controlling interference timings between the
plurality of pseudo spin pulses and local oscillation light
which the temporary spin measuring unit uses for measure-
ment of the phases of the plurality of pseudo spin pulses,
such that a result of interference between the plurality of
dummy pulses and the local oscillation light which the
temporary spin measuring unit uses for measurement of the
phases of the plurality of pseudo spin pulses becomes a
predetermined interference result which 1s expected from a
predetermined oscillation phase of the plurality of dummy
pulses.

13. The Ising model quantum computation device accord-
ing to claim 12, further comprising an injection-pulse con-
trol unit controlling interference timings between the plu-
rality of pseudo spin pulses and a plurality of spin injection
pulses having oscillation phases with consideration of inter-
actions used by the interaction implementing unit for light
injection to the plurality of pseudo spin pulses, such that a
result of interference between the plurality of dummy pulses
and a plurality of dummy injection pulses having a prede-
termined oscillation phase used by the interaction imple-
menting unit for light mjection to the plurality of dummy
pulses becomes a predetermined interference result which 1s
expected from a predetermined oscillation phase of the
plurality of dummy pulses.

14. The Ising model quantum computation device accord-
ing to claim 7, further comprising an 1njection-pulse control
unit controlling interference timings between the plurality of
pseudo spin pulses and a plurality of spin injection pulses
having oscillation phases with consideration of interactions
used by the interaction implementing unit for light 1njection
to the plurality of pseudo spin pulses, such that a result of
interference between the plurality of dummy pulses and a
plurality of dummy 1njection pulses having a predetermined
oscillation phase used by the interaction implementing unit
for light 1njection to the plurality of dummy pulses becomes
a predetermined interference result which 1s expected from
a predetermined oscillation phase of the plurality of dummy
pulses.

15. The Ising model quantum computation device accord-
ing to claim 6, wherein the interaction implementing unit
controls the amplitudes of the light injected to the plurality
of pseudo spin pulses to be greater, when an interval from a
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time at which the temporary spin measuring unit completes
one set of measurement to a time at which the temporary
spin measuring unit restarts another set of measurement 1s
longer.

16. The Ising model quantum computation device accord-
ing to claim 6, wherein the degenerate optical parametric
oscillator controls a pump rate 1n degenerate optical para-
metric oscillation of the plurality of pseudo spin pulses to be
smaller, when an interval from a time at which the temporary
spin measuring unit completes one set of measurement to a
time at which the temporary spin measuring unit restarts
another set of measurement 1s longer.

17. The Ising model quantum computation device accord-
ing to claim 6, wherein the interaction implementing unit
controls the amplitudes of the light injected to the plurality
of pseudo spin pulses to be smaller, when an average degree
in graph representation of the Ising model 1s higher.

18. The Ising model quantum computation device accord-
ing to claim 1, wherein the interaction implementing unit
controls the amplitudes of the light injected to the plurality

10

15

32

of pseudo spin pulses to be greater, when an interval from a
time at which the temporary spin measuring unit completes
one set ol measurement to a time at which the temporary
spin measuring unit restarts another set of measurement 1s
longer.

19. The Ising model quantum computation device accord-
ing to claim 1, wherein the degenerate optical parametric
oscillator controls a pump rate 1n degenerate optical para-
metric oscillation of the plurality of pseudo spin pulses to be
smaller, when an interval from a time at which the temporary
spin measuring unit completes one set of measurement to a
time at which the temporary spin measuring unit restarts

another set of measurement 1s longer.

20. The Ising model quantum computation device accord-
ing to claim 1, wherein the interaction implementing unit
controls the amplitudes of the light injected to the plurality
of pseudo spin pulses to be smaller, when an average degree
in graph representation of the Ising model 1s higher.

x x * x x
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